Exposure to bisphenol A (BPA) is implicated in many aspects of metabolic disease in humans and experimental animals. We fed pregnant CD-1 mice BPA at doses ranging from 5 to 50,000 μg/kg/ day, spanning 10-fold below the reference dose to 10-fold above the currently predicted no adverse effect level (NOAEL). At BPA doses below the NOAEL that resulted in average unconjugated BPA between 2 and 200pg/ml in fetal serum (AUC 0-24h ),we observed significant effects in adult male offspring: an age-related change in food intake, an increase in body weight and liver weight, abdominal adipocyte mass, number and volume, and in serum leptin and insulin, but a decrease in serum adiponectin and in glucose tolerance. For most of these outcomes nonmonotonic dose-response relationships were observed; the highest BPA dose did not produce a significant effect for any outcome. A 0.1-μg/kg/day dose of DES resulted in some but not all lowdose BPA outcomes.
Introduction
Obesity and diabetes are epidemic in the United States and are two components of metabolic syndrome, which also includes hormonal and metabolic derangements such as glucose intolerance and dyslipidemia. While excess abdominal fat is recognized as a core component in the etiology of metabolic syndrome, aspects of metabolic syndrome such as type 2 diabetes can occur in the absence of obesity in a small percent of people [1] . The etiology of type 2 diabetes is thus complex, but occurs when people have elevated blood glucose and insulin resistance, and the pancreas is unable to compensate and maintain glucose homeostasis [2] . Metabolic diseases also significantly impact the brain, behavior and fertility as well as mortality [3] .
Man-made chemicals have been identified which can disrupt the differentiation of adipocytes, pancreatic development, and metabolic and endocrine processes [4] [5] [6] . Developmental exposure to these endocrine disrupting chemicals (EDCs) can result in a permanent change in the regulation of insulin and glucose levels [2] . EDCs may also impact metabolism through effects on the neuroendocrine systems that control feeding as well as other behaviors [7] [8] [9] . Importantly, some neural and metabolic effects due to fetal exposure to EDCs are observed during specific periods during postnatal life, such as during early adolescence [10] , adulthood [11] or middle age [12] .
Adipose tissue is an endocrine organ with a substantial role in glucose and insulin homeostasis, and EDCs can disrupt signaling by regulatory hormones, such as adiponectin and leptin [13, 14] . Studies with laboratory rats and mice, including the mouse model (CD-1) that we use, have reported increased body fat in animals exposed to exogenous drugs and chemicals, such as diethylstilbestrol (DES) and bisphenol A (BPA) during the fetal period of the differentiation of preadipocytes and early postnatal period of the differentiation of adipocytes [5, 12, 15, 16] . The finding that exposure to BPA and other estrogenic chemicals during adipogenesis can lead to an increase in body fat later in life was not expected, given the opposite effect that estrogen has on body fat in adults [6, 17] . However, there is also epidemiological evidence for a relationship in adults between BPA and obesity, as well as cardiovascular disease, insulin resistance, glucose intolerance and type 2 diabetes [18] [19] [20] ; recent evidence also has also associated BPA exposure with obesity in children and teenagers [21] .
We focus here on exposure to the endocrine disruptor BPA because of evidence that BPA exposure during critical periods in fetal developmental can cause permanent changes in tissue function that lead to disease onset later in life [22] [23] [24] . This is an example of the developmental origins of health and disease hypothesis [4, 5] . BPA is the chemical monomer primarily used to make polycarbonate plastic, although BPA is also used in a variety of consumer goods, including epoxy linings for canned foods and beverages, cardboard and the coating of thermal receipt paper. At an estimated 10-billion pounds per year, BPA is one of the highest volume production chemicals in the world [25] . Because of the instability of BPA-based polymers, BPA leaches out of products under conditions of heat or either high or low pH, such that virtually all people that have been examined are continuously exposed to BPA [26, 27] . Levels of bioactive (unconjugated) BPA found in human serum range from about 0.1 to 10ng/ml [28] , and similar levels have been reported at term in woman and fetuses [29] . The median levels of BPA in humans based on biomonitoring studies are higher than those previously shown to alter body weight and fat homeostasis in mice and rats [6] , based on measurement of unconjugated BPA in mouse and rat serum [30] [31] [32] . BPA is known to bind to estrogen receptors, and while BPA is generally considered to be an "environmental estrogen", it also binds to other receptors that regulate genes important for differentiation and subsequent function of numerous tissues [24, 33, 34] .
Prior research has shown that exposure of rats and mice to low doses of BPA during fetalneonatal life increases postnatal growth rate [6, 16, [35] [36] [37] [38] [39] [40] . However, not all studies find this relationship [22] ; factors such as the dose administered, strain of animal examined, sex of animal examined, type of feed used, and other environmental factors may explain these different outcomes [9, 41] . The fat content and source of protein (soy vs. casein) in feed are particularly important, since high-fat diets as well as soy-free diets lead to obesity in rats and mice independent of exposure to EDCs such as BPA, and the fat content of the feed interacts with BPA in terms of the outcomes observed [9, 16, 42, 43] . We thus chose to maintain our mice after weaning on a soy-based feed with a relatively low (4%) fat content that allowed us to examine the effects of BPA on mice that were not already obese [43] . We also focused here on males. Fetal exposure of females to BPA leads to a different set of outcomes due to the effects of endogenous estradiol after puberty and the fact that developmental exposure to BPA alters the functioning of the female neuroendocrine system [23, 44] ; data from female siblings will be reported elsewhere.
In this study, our goal was to conduct a comprehensive examination of the effects of developmental exposure to BPA on outcomes related to metabolic disease, using doses that ranged from 5 to 50,000 μg/kg/day. We hypothesized that at least some effects of BPA would follow non-monotonic dose-response curves, and that the maximally effective dose of BPA would not be the same for all outcomes, due to variability in the sensitivity of different tissues to xenobiotics. We examined outcomes known to be components of metabolic disease: body weight and food intake as predisposing factors; fat pad weights, in addition to adipocyte size and number in those fat pads; glucose tolerance and insulin tolerance, and serum adiponectin, leptin and insulin concentrations. We also looked for abnormalities in the liver, because of the association of hepatic steatosis with obesity and metabolic disease [45] , and in kidney weight, because the risk of chronic kidney disease has been linked to metabolic syndrome [46] and kidney size can be used to assess renal failure.
Prior studies examining developmental BPA exposure and metabolism have been criticized for only examining only one or two doses, which is insufficient to determine the doseresponse relationship. The wide BPA dose range used here extends from 10-fold below the currently estimated reference dose (50 μg/kg/day) to 10-fold greater than the estimated no adverse effect level (NOAEL; 5000 μg/kg/day), which is wider and more detailed than other studies to date and allows for a more detailed assessment of variation in dose responses among the different outcomes. The dose range of BPA examined, as well as inclusion of 0.1 μg/kg/day DES as a low-dose estrogen positive control, was based on a unique approach for coordinating a number of studies examining different effects of BPA; this program was initiated and funded by the National Institute of Environmental Health Sciences (NIEHS) to increase the usefulness of the findings for risk assessment [47] .
Materials and methods

Animal husbandry and dosing procedures
Three-month-old nulliparous female CD-1 mice were purchased from Charles River Laboratories (Raleigh, NC) and were housed in polypropylene cages with corncob bedding in a temperature-and humidity-controlled facility on a 12L:12D cycle at the University of Missouri (light on occurred at 0800 h). These are standard housing conditions for this colony, although corncob bedding has been reported to have some endocrine effects in mice [48, 49] . After at least a 1-week acclimation period, females were time-mated to stud males, which were purchased from the same supplier. Gestation day (GD) 0 was determined by the presence of a vaginal plug. Vaginal plug positive females were housed 2-4 per cage and not handled again until GD 9. Pregnancy was confirmed by a significant gain in body weight on GD 9 relative to GD 0.
Pregnant females were randomly assigned to the following dosing groups: 0 (negative controls), 5,50,500,5000, and 50,000 μg/kg body weight/day BPA, or 0.1 μg/kg body weight/day DES (the positive control for low-dose estrogenic effects). We will refer to these groups as negative controls, BPA-5, BPA-50, BPA-500, BPA-5000, BPA-50,000, and DES-0.1; the number of litters per treatment group was 14, 9, 12, 12, 11, 14, and 9, respectively. Dosing continued daily from GD 9 to 18 during the period of the differentiation of preadipocytes [50] . DES and BPA (≥99% pure; Sigma-Aldrich, St. Louis, MO) were fed to pregnant females one time each day using a micropipetter. DES and the different doses of BPA were dissolved in tocopherol-stripped corn oil (MP Biomedical, Santa Ana, CA), and the volume administered (∼30 μl) was adjusted daily to maintain a constant dose per kg body weight; negative controls received 30 μl oil with no added chemical. Mice readily consume these solutions, and we have used this procedure for all of our prior experiments with BPA, DES and other lipophilic chemicals. Allowing a pregnant female mouse to drink an oil solution from a pipetter is less stressful than gavage, and maternal stress can alter fetal growth, gonadal steroid levels and postnatal morphology and physiology in mice and rats [51] . Prior studies that use gavage administration of BPA or other chemicals are thus complicated by the potential interaction between chemical exposure and an elevated stress response [8, 9] .
On GD 18, pregnant females were individually housed in an AAALAC-accredited facility at the University of Missouri. All pregnant and lactating females were fed soy-based Purina 5008 rodent breeder chow (6% fat) ad libitum from GD 0 until postnatal day (PND) 22. Water was purified by ion exchange followed by a series of carbon filters and supplied in glass bottles ad libitum. Animal care conformed to the NIH Guide, and The Animal Care and Use Committee at the University of Missouri approved all procedures prior to conducting the study.
On PND 1, the sex and weight of mouse pups were determined. The pups were then not handled until weaning except to change cage bedding, and then only after the pups were at least 1 week old. Offspring were weaned on PND 22 and housed 2-4 of the same sex in polypropylene cages with corncob bedding. At this time animals were individually identified by an ear-notch pattern. After weaning animals were fed soy-based Purina 5001 rodent maintenance chow (4% fat) ad libitum; food was weighed every 3-4 days to monitor food intake per week, and body weight gain per week was also determined for the duration of the study, which ended when males were about 5-months old. We calculated metabolic energy consumed per week (for Purina 5001 chow, this is 3.04 kcal/g feed).
Glucose tolerance and insulin tolerance tests (GTT and ITT)
A subset of male mice (13-17 per treatment group) were given glucose and insulin tolerance tests (GTT and ITT, respectively), which were administered when animals were about 18 weeks old. No more than two animals per litter were used for this testing (see Section 2.7 for the method used to control for litter effects). For both GTT and ITT, males were only fasted for 4 h during the beginning of the light cycle when the mice would not normally be active and feeding. Preliminary studies had shown that an overnight (∼14h) fast resulted in a significant loss of body fat stores.
For GTT, mice were injected i.p. with 2g/kg glucose (Sigma-Aldrich) in 0.9% saline, with volume adjusted to have a constant dose per kg body weight (median bolus about 176 μl). Glucose was measured in blood obtained via a tail nick at 0 (baseline), 15, 30, 45, 60 , and 120min after injection using an ACCU-CHEK Active glucometer (Roche, Indianapolis, IN). At least 4 days after the GTT, mice were given an ITT. ITT was performed in the same manner as the GTT, using 0.75 U/kg human insulin (Sigma) in 0.9% saline with volume adjusted to have a constant dose per kg body weight (median bolus of 155 (μl).
Necropsy
Animals (29-40 per treatment group) were weighed and then sacrificed 5-7 days following the ITT, when 19 weeks old. Sacrifice was performed between 2:00 and 5:00pm by CO 2 asphyxiation followed by pneumothorax. Blood was collected in heparinized syringes with a 27-g needle, stored at 4 °C and allowed to clot until serum separation the following day. Tissues were quickly excised, weighed, flash-frozen in liquid nitrogen, and stored at −80°C.
Fat pad processing for adipocyte number and volume
No more than two animals per litter were used for cell count analysis. Excised gonadal and renal fat pads were weighed. A 40-60 mg piece of each of these tissues was placed into 1ml phosphate-buffered saline (PBS), lightly minced and digested for 1 h at 37 °C with 0.5 mg/ ml collagenase in PBS supplemented with 1 mM CaCl 2 . The resulting adipocyte suspension was rinsed with 10 ml PBS and briefly centrifuged at 1000rpm for 30 s. The cells were rinsed again in PBS, briefly centrifuged, and 500 μl of the cell suspension was removed and diluted in 500 μl PBS. 100 μl of this cell suspension was added to 10 μl acridine orange solution (20-mg/ml acridine orange in deionized water used at 1:100 dilution) and counted in duplicate using a Nexcelom Cellometer (Nexcelom, Lawrence, MA). A minimum of 100 cells was counted for each animal for cell volume and cell number determinations. If 100 cells were not available for an animal, cell numbers of littermates were pooled to reach at least 100 cells. Adipocyte volumes were calculated using diameter measurements reported by the Nexcelom software. The total number of adipocytes was determined based on the weight of the entire fat pad.
Radioimmunoassays for serum hormones
One animal per litter was selected for these assays (6-7 per treatment group). Serum levels of insulin, leptin and adiponectin were measured using radioimmunoassay kits (Sensitive Rat Insulin SRI-13K; Mouse Leptin ML-82K, Mouse Adiponectin MADP-60HK, Millipore, Billerica, MA) according to the manufacturer's instructions. When possible, animals were selected based on gonadal fat pad and 19-week-old body weights within 1.5 standard deviations of the group means, with the objective being that the means for these sub-groups thus did not differ from the entire group. Each assay was performed once so only intra-assay CVs are reported here; these were 2.99%, 2.52% and 2.42% for insulin leptin and adiponectin, respectively.
Measurement of BPA in maternal and fetal serum
Using the same dosing method described above, from GD 11 to 17 we fed pregnant CD-1 mice one time per day a 20-μg/kg/day dose of unlabeled BPA (>99% pure; Sigma-Aldrich) mixed with 3 H-BPA (15 Ci/mmol; Moravek Biochemicals, Brea, CA, USA), aiming for a 30-μl volume based on the average weight of these females during pregnancy; the final specific activity of the dosing solution was 0.51 Ci/mmol. Blood was collected after CO2 asphyxiation at 1, 3, 6, and 24 h after the last BPA administration on GD 17, with 2-4 pregnant females at each time point, and blood from all fetuses within each litter was pooled. Serum was separated by centrifugation at 4°C and then stored at −20°C. Unconjugated 3 H-BPA was measured in serum by HPLC separation and scintillation counting using methods described previously [31, 32] .
The area under the curve (AUC) for the serum 3 H-BPA levels over the 24 h after dosing (AUC 0-24 ; (ngh)/ml) was calculated using the linear trapezoidal rule and the assumption that unconjugated 3 H-BPA in serum just before administration (time 0) was zero. We then divided the AUC 0-24 by 24 h to provide the average AUC 0-24 (ng/ml) over the 24 h throughout GD 17-18 when the differentiation of preadipocytes and metabolic systems is occurring [6] .
Based on prior findings that administered oral dose is linear with serum unconjugated BPA in mice [31, 32] , and also in rats [31, 32, 52] , and that in adult female mice the linear range for serum unconjugated BPA (2-100,000 μg/kg/day; R 2 = 0.9807) covers a wider dose range than the dose range in the present study (5-50,000 μg/kg/day) [32] , we used the AUC 0-24 values from the 20-μg/kg/day BPA dose to calculate the serum concentrations of unconjugated BPA in pregnant females and fetuses by interpolation. We also previously reported that administering adult female CD-1 mice 3 H-BPA and measuring serum 3 H-BPA by scintillation counting after HPLC separation resulted in virtually identical levels of unconjugated serum BPA over the 24 h after administration as were obtained after administration of authentic BPA and measuring serum BPA by LCMS [32] .
Statistical analysis
We initially conducted one-way as well as repeated-measures ANOVA on all data using the PROC GLM procedure in SAS. Data were log-transformed where indicated based on the distribution to achieve homogeneity of variance. The LS means test in SAS, which includes Bonferroni correction, was used for group comparisons if the overall ANOVA was statistically significant (P<0.05). We adjusted for litter membership in all analyses in which we examined more than one animal per litter by including litter as a main effect variable and using litter within dose as the error term to calculate the F value. For some variables we also calculated Spearman correlation coefficients.
Since visual examination of the data for just the BPA doses (0, 5, 50, 500, 5000 and 50,000) suggested non-monotonic instead of linear dose-response patterns in many outcome variables, we also explored the statistical significance of these patterns by comparing ANOVA PROC GLM conducted on just the BPA data with two linear regression models. Model 1 tests for a linear trend of BPA dose vs. outcome, whereas model 2 adds the quadratic term to test for a U or inverted U curve -the simplest forms of non-monotonic dose-response. BPA dose was log transformed after adding 0.05 to all doses to enable taking the log of the control group dose (=0). Box-Cox transformations were used to normalize response variables. These analyses were performed within the R statistical system (R v2.14.2; RStudio vO.95.263). The Companion to Applied Regression ('car') R package was used for Box-Cox transformations (v2.0-12). Multilevel regression was performed using the 'nlme' package (v3.1-103).
Since the two models are nested (i.e., one completely contains the other), we used the ANOVA procedure to test whether the quadratic term provided a statistically significant improvement to the model. We accounted for litter effects in these regression models in two ways. Our primary analyses were conducted using the means, by litter, of the outcome variables. We then repeated the analyses using multilevel regression (individual animals nested within litter), which provides increased power over the litter means method.
Comparisons of P values for just BPA dose effects (excluding the DES-0.1 group) using PROC GLM ANOVA and multilevel regression are presented in Table 2 . For a more detailed explanation and application of this approach to a data set see Supplemental Materials in Do et al. [53] .
Because of evidence for non-monotonic dose-response relationships, our focus is on comparisons of outcomes at low BPA doses that were different from negative controls and for the highest BPA dose group (BPA-50,000). Also of particular interest was whether the DES-0.1 males were significantly different from negative controls and the BPA-50,000 males. Prenatal treatment effects are considered statistically significant if P < 0.05.
Results
Day of birth, postnatal body weight and metabolic energy consumption per week
There was no difference due to prenatal treatment in sex ratio at birth or in the death of pups between birth and weaning. Between 1 and 5 pups died in a limited number of litters across all groups.
3.1.1. Body weight-We weighed animals on the day of birth and then each week beginning at weaning (Table 1) . Across all treatment groups, body weight increased significantly from an average of 1.73 g on the day of birth to 13.6 g on postnatal day 22 (week 3), and then body weight increased by an average of 80% (by 10.9g) to 24.4 g by week 4 , by an average of 23% (by 5.7 g) to 30.1 g between weeks 4 and 5, and by an average of 9% (by 2.7 g) to 32.8 g between weeks 5 and 6. Between weeks 6 and 13 the percent increase in body weight per week was: 5.1%, 3.5%, 3.1%, 2.1%, 2.6%, 1.7%, 2.1%, respectively, after which there was about a one percent increase in body weight per week until week 19 when the experiment ended. Thus, the time between weeks 3 and 5, which is the first 2 weeks after weaning, represents a period of rapid postnatal growth in the male CD-1 mouse (this is also true for females; data not shown).
The effect of prenatal treatment on body weight on the day of birth was not statistically significant based on linear ANOVA or regression analysis for non-monotonicity, although the BPA-500 males tended (P=0.08) to be heavier than negative controls. This trend continued throughout the experiment, and at every age examined, the mean body weight of BPA-500 males was higher than that of males in other groups (Table 1) .
At weaning (3 weeks old), the overall ANOVA for the effect of prenatal treatment on body weight was statistically significant. In addition, the quadratic model fit the data significantly better (P=0.016) than the linear-only model, indicating that there was a significant nonmonotonic dose-response relationship (Table 2) . At weaning the BPA-5000 group had significantly decreased body weight compared to negative controls and DES-0.1 males (Table 1) . Between weeks 7 and 19 when the study ended, although the effect of prenatal treatment was not statistically significant, the BPA-500 males tended to be heavier than negative controls (P=0.07) and were significantly heavier than BPA-50,000 males. There was no significant effect based on ANOVA of prenatal treatment on weight gain per week over the last 4 weeks of the experiment between weeks 15 and 19, since only the BPA-500 group showed a greater weight gain (2.82 ± 0.29 g) relative to negative controls (1.60 ± 0.18g) during this time. At week 19 (the end of the experiment) the regression analysis resulted in a significant difference between the groups as well as a better fit (P=0.034) relative to the linear-only model, which was not statistically significant ( Table 2 ). The BPA-500 males tended to be heavier than negative controls (P=0.07) and were significantly heavier than BPA-5000 males (Table 1) .
Food (metabolic energy) consumption-Food
intake per week was converted to metabolic energy consumed in kcal. Between weeks 3 and 7, the linear ANOVA did not reveal significant differences, but between weeks 3 and 4 the quadratic model fit the data significantly better (P=0.028) than the linear-only model, revealing that there was a significant non-monotonic dose-response relationship for BPA ( Fig. 1A; Table 2 ); the DES-0.1-treated animals exhibited the largest increase in metabolic energy intake relative to negative controls (P < 0.05). Between weeks 4 and 5 the quadratic model again fit the data better (P = 0.025) than the linear-only model ( Fig. 1B; Table 2 ), and only the BPA-500 males exhibited a significant increase in metabolic energy intake relative to negative controls (P < 0.05). There were no treatment-related differences in metabolic energy intake between weeks 5 and 7.
During the last 4 weeks of the study (weeks 15-19), prenatal treatment was significantly different based on linear ANOVA for the total amount metabolic energy consumed over this 4-week period (P < 0.001). Specifically, the negative controls consumed significantly more food and thus a greater amount of metabolic energy relative to BPA-5, BPA-500, BPA-5000 and the DES-0.1-treated males (all comparisons: P < 0.05-0.001), while the BPA-50 males and BPA-50,000 males did not differ significantly from negative controls (Fig. 1C) . Thus, the BPA-500 males gained more weight between weeks 15 and 19 while consuming less metabolic energy relative to negative controls, which is in marked contrast to the finding that the BPA-500 males gained more weight and also consumed a greater amount of food relative to negative controls between weaning and puberty at week 5.
Gonadal and renal fat pad weight, adipocyte number and adipocyte volume
The overall ANOVA for gonadal fat pad weight was statistically significant, and addition of the quadratic term to the model provided a significantly better fit relative to the linear-only model (P=0.022; Table 2 ). Compared to the negative controls, gonadal fat pad weight was significantly greater in the BPA-500 group (P<0.05), and the BPA-500 males also were significantly different compared to the BPA-50,000 group (P < 0.01; Fig. 2A ). Renal fat pad weight showed the same pattern across BPA doses and for DES as gonadal fat pad weight (Fig. 2B) .The linear ANOVA for renal fat pad weight was statistically significant, and addition of the quadratic term to the model tended to result in a better fit relative to the linear-only model (P=0.076). Compared to the negative controls and the BPA-50,000 groups, the BPA-500 group had elevated renal fat pad weight (P <0.05 and P <0.01, respectively). The DES-0.1 males tended (P=0.07) to have heavier renal fat pads compared to negative controls. We combined the weights of the gonadal and renal fat pads collected for each animal as a measure of the total amount of abdominal fat (Fig. 2C) .The linear ANOVA for total abdominal fat weight was statistically significant, and inclusion of the quadratic term resulted in a significantly better fit than the linear-only model (P=0.047). Compared to the negative controls and the BPA-50,000 groups, the BPA-500 group had more total abdominal fat (P < 0.05 and P < 0.01, respectively).
The linear ANOVA for gonadal fat cell number was statistically significant (P<0.01), and addition of the quadratic term resulted in a significantly better fit than the linear-only model (P=0.002). The BPA-5 and BPA-500 males had significantly more adipocytes compared to negative controls, the BPA-50, and BPA-50,000 males. The DES-0.1 males also had significantly more adipocytes than negative controls, BPA-50 and BPA-50,000 males (Fig.  3A) . The linear ANOVA for gonadal fat cell volume was also statistically significant (P<0.01), and addition of the quadratic term tended to result in a better fit relative to the linear-only model (P=0.052). Although no group had significantly different adipocyte volume relative to negative controls, BPA-5 and BPA-500 males had significantly larger adipocytes relative to BPA-50, BPA-50,000 and DES-0.1 males (Fig. 3B) .
Within the renal fat pad, the linear ANOVA for renal fat cell number was statistically significant, and addition of the quadratic term in the regression analysis did not result in a statistically significant effect of BPA dose (Fig. 3C) . The BPA-500 males had significantly more adipocytes in the renal fat pad compared to the negative controls and all other BPA dose groups. For renal adipocyte volume, the linear ANOVA was statistically significant, and addition of the quadratic term in the regression analysis did not result in a statistically significant effect of BPA dose (Fig. 3D) . Compared to the negative controls, the BPA-5 (P=0.06) and BPA-5000 (P< 0.01) had larger renal adipocytes.
Liver and kidney weight and liver histopathology
The linear ANOVA for liver weight (Fig. 4) was statistically significant (P = 0.01), and addition of the quadratic term in the regression analysis led to a significantly better fit compared to the linear-only model (P < 0.001). Compared to the negative controls, the BPA-50 group had significantly higher liver weight (P < 0.01). We also examined liver sections for evidence of steatosis (fatty liver) using previously published methods [54] , and there was no significant relationship between prenatal treatment and steatosis (data not shown). The linear ANOVA for kidney weight was not statistically significant, and addition of the quadratic term in the regression analysis also was also not statistically significant (data not shown).
Glucose and insulin tolerance tests
Glucose tolerance tests (GTT) were conducted for adult male mice fasted for 4h to examine whether prenatal BPA exposure altered glucose homeostasis after an injection of glucose. The linear ANOVA using PROC GLM for the area under the curve (AUC) for blood glucose levels measured prior to and during the 2 h after the glucose injection showed a tendency to be different (P = 0.06; Fig. 5A ). Addition of the quadratic term fit the data significantly better than the linear-only model (P = 0.008). Compared to the negative controls, with the exception of the BPA-50,000 group, all other BPA dose groups as well as the DES-0.1 group showed significantly increased AUC values (impaired glucose tolerance). The insulin tolerance test area under the curve (AUC) for blood glucose after administration of insulin was not statistically significant based on the linear ANOVA, and adding the quadratic term to the model did not result in a statistically significant difference (P = 0.137). While the overall ANOVA was not statistically significant, the BPA-5 and BPA-5000 groups had significantly greater insulin insensitivity, and the DES-0.1 males tended to have greater insulin insensitivity (P = 0.07) as displayed by a higher AUC value for blood glucose relative to negative controls (Fig. 5B). 
Serum hormones
We measured the levels of insulin, adiponectin, and leptin in blood collected at autopsy in fed animals. The animals were not food-deprived to ensure that there was no effect of even a short period of fasting on adipocyte number or volume. Insulin regulates blood glucose levels, while adiponectin and leptin are adipose tissue-derived hormones that tend to be deranged in cases of metabolic syndrome where obesity is a contributing symptom [6] . The linear ANOVA for the effect of prenatal treatment on serum insulin was significantly significant (P < 0.01), and addition of the quadratic term in the regression analysis resulted in a significantly better fit relative to the linear-only model (P = 0.004). The mean serum insulin level for the BPA-5 and DES-0.1 groups was significantly (about 2-fold) higher than the negative control and BPA-50,000 groups (Fig. 6A) . The profile for the BPA dose effect on adult serum leptin (Fig. 3B ) matched the total abdominal fat weight profile ( Fig. 2A ; Spearman correlation coefficient = 0.86; P < 0.001). This typically indicates normal leptin secretion, since leptin is secreted by adipose tissue in proportion to the mass of tissue [55] .
The linear ANOVA for the effect of BPA dose on serum leptin was statistically significant, and addition of the quadratic term did not result in a significantly different fit relative to the linear-only model (P = 0.349). The BPA-500 and the DES-0.1 groups had significantly elevated serum leptin levels compared to the negative controls and BPA-50,000 males. A low serum adiponectin level is a biomarker for future onset of type 2 diabetes in human populations [56] . The linear ANOVA for serum adiponectin levels was statistically significant, and addition of the quadratic term in the regression analysis tended to result in a better fit (P = 0.099) relative to the linear-only model (Fig. 6C ). Compared to negative controls, males in the BPA-5, BPA-50 and BPA-5000 groups had significantly lower serum adiponectin, with maximal reduction in the BPA-50 group.
Maternal and fetal serum unconjugated BPA
Between GD 17 and 18 when differentiation of adipocytes, metabolic and neuroendocrine systems is occurring [6] , the average maternal serum unconjugated BPA concentrations (average AUC 0-24 ) over the 24 h collection period associated with the 5 doses (5, 50, 500, 5000, 50,000 μg/kg/day) used in this experiment were calculated based on interpolation from the results of administering 20 μg/kg; maternal serum unconjugated BPA was calculated to be: 0.025, 0.25, 2.50, 25 and 250ng/ml, respectively. The maternal average serum unconjugated BPA AUC 0-24 values were 12.5-fold higher than the fetal values, which were: 0.002, 0.02, 0.20, 2 and 20 ng/ml, respectively (Fig. 7) .
Discussion
Our major findings were that as a result of exposure of male fetuses to BPA via feeding pregnant mice doses of BPA at and below the current predicted NOAEL (5000 μg/kg/day) being used to estimate the "safe" daily intake dose by regulatory agencies in the USA and Europe, there was a significant increase in postnatal body weight gain, adipocyte number and volume and the overall amount of abdominal fat, altered food intake, serum insulin, adiponectin and leptin levels, and impaired glucose tolerance and insulin sensitivity. All of the changes that we observed in response to low doses of BPA are components of metabolic syndrome, and these findings thus have implications for metabolic diseases that are observed to be related to BPA exposure in humans [2, 18, 20, 21] . The findings from the epidemiological studies referenced above indicate that there is sufficient exposure to BPA in the general population for BPA to be related to a variety of adverse metabolic outcomes in people. Our data here in mice show that all of these adverse effects occurred as a result of fetal exposure to BPA in the parts per trillion range of bioactive (unconjugated) BPA in fetal serum.
Importantly, while all of these outcomes occurred at doses of BPA at and below the presumed NOAEL, none of these outcomes was statistically different from negative controls for the highest dose of BPA that was administered (50,000 μg/kg/day). This finding, that "the dose does not make the poison" (i.e., that very high doses do not necessarily result in a greater response than very low doses) was confirmed for many of these outcomes by using regression analysis that included a quadratic term, which tests for a U or inverted U doseresponse curve.
Our data here demonstrate the problem encountered when only one or two doses of BPA are examined, because it is understood that different tissues have different sensitivities to hormones [24, 57] . The consequence is that we found maximum responses for various outcomes at doses ranging from 5 to 500 μg/kg/day. Also, for a number of outcomes the dose-response curve showed increases and decreases, and these types of multimodal doseresponses curves have been commonly reported in studies where effects of BPA have been mediated by non-classical (non-nuclear) receptors [58, 59] .
Concentration of unconjugated BPA in maternal and fetal serum
Of great importance with regard to the view held by some that BPA is too weak an estrogen to stimulate any effect within the dose range in which we observed the above statistically significant effects, the 5-μg/kg/day maternal oral BPA dose resulted in an average fetal serum BPA concentration (Fig. 7 ) of 2pg/ml (2ppt) over the 24 h between GD 17 and 18 (the day prior to parturition). This average AUC 0-24 concentration over the 24 h after an oral bolus administration to the pregnant female is far below the median concentration of unconjugated BPA reported in published human biomonitoring studies [28, 29] . These data suggest that there is exquisite sensitivity of fetuses to very low concentrations of BPA, since we found an increase in gonadal adipocyte number and volume (Fig. 3 ) and serum insulin (Fig. 6) , a decrease in insulin sensitivity and glucose tolerance (Fig. 5) , as well as serum adiponectin (Fig. 6) at the 5-μg/kg/day maternal dose of BPA.
Effects reported in the offspring of pregnant females fed low doses (5-500 μg/kg/day) of BPA that result in fetal serum unconjugated BPA in the range of 2-200 ppt have led to speculation that non-classical estrogen receptors associated with the cell membrane may be involved in mediating some responses at these very low concentrations [60] . However, while BPA is often characterized as a "weak estrogen" based on a lower affinity for nuclear estrogen receptors relative to estradiol, potency is not able to be predicted based solely on affinity of a hormone (or hormone-mimicking chemical) for the receptor, since tissuespecific co-regulators also significantly impact potency [24, 57, 61, 62] . Also, the suggestion that nuclear estrogen receptors should not respond to concentrations of BPA in the part per trillion range is not consistent with the "spare receptor" hypothesis that detectable responses occur at very low receptor occupancy [33, 63] .
Low dose of DES as a positive control
A low (0.1 μg/kg/day) dose of the potent estrogenic drug DES resulted in some but not all of the outcomes observed in response to low doses of BPA, suggesting that classifying BPA only as an "environmental estrogen" does not capture the range of activities BPA has in vivo. However, testing a wide range of doses of DES would be required to adequately test this hypothesis. Specifically, the 0.1 μg/kg/day dose of DES led to significant differences compared to negative controls for increased gonadal adipocyte number (similar to the BPA-5 and BPA-500 groups), glucose tolerance (similar to BPA-5, BPA-50, BPA-500 and BPA-5000 groups), increased serum insulin (similar to the BPA-5 group), and increased serum leptin (similar to the BPA-500 group). Our prediction was that the 0.1 μg/kg/day DES would only be an appropriate positive control for the low (5, 50 and 500 μg/kg/day) doses of BPA [64] . This prediction was based on prior findings that for a number of outcomes caused by prenatal exposure to DES and BPA that are likely mediated by the nuclear estrogen receptor alpha, DES was between 100-and 1000-fold more potent than BPA [65] [66] [67] [68] .
Since each tissue and metabolic control system would be expected to exhibit a unique response profile to a range of doses of any regulatory hormone or endocrine disrupting chemical [24] , it is not surprising that for different outcomes, the single dose of DES had an effect similar to different low doses of BPA. Importantly, the low 0.1 μg/kg/day dose of DES differed significantly from the high (50,000 μg/kg/day) BPA dose group for adult gonadal and renal fat pad weight, gonadal adipocyte number, and both serum insulin and leptin. These findings show that in addition to the finding that the BPA-50,000 group did not differ significantly from negative controls on any outcome, this high BPA dose also resulted in significant differences from a low dose of DES as well as from lower doses of BPA. Thus, our low dose of DES did not serve as a positive control for estrogenic activity of the high 50,000 μg/kg/day maternal dose of BPA in male offspring.
Altered adipose tissue characteristics resulting from fetal exposure to estrogenic chemicals
We examined the effect of fetal exposure to BPA on the overall weight, as well as number and volume of adipocytes in the two abdominal fat depots, the gonadal and renal fat pads, because in men, abdominal fat mass is correlated with metabolic disease [69] . Relative to negative controls, we found a significant increase in the weight of both the gonadal and the renal fat pads at 19 weeks of age in male offspring of dams fed the 500 μg/kg/day dose of BPA; the 0.1 μg/kg/day dose of DES showed a similar response (Fig. 2) . The BPA-500 males also had significantly more gonadal and renal fat pad adipocytes, and gonadal adipocytes also had a significantly increased volume, compared with negative controls (Fig.  3) . Although body weight followed a similar pattern as the abdominal fat pad weights, the effect of BPA on body weight was very small. However, body weight is not considered a sensitive outcome in mice [70] , since even very large changes in abdominal fat pad weight have relatively small effects on body weight [43] . Similar to our findings here, in a study that did examine a wide range of doses (3-580,000 μg/kg/day) of BPA in CD-1 mice [71] , body weight was increased in males at doses below 5000 μg/kg/day and decreased above this dose, although the authors did not conduct the appropriate non-monotonic statistical analysis, and it is thus not possible to determine whether there were statistically significant low-dose effects of BPA on body weight. Given the nonlinear dose-response curves often seen in endocrine physiology [24] , we believe it essential to statistically assess data for non-monotonicity when visual inspection shows a clear non-monotonic trend.
A critical factor in assessing the impact of BPA on adipocyte development and subsequent function is the timing of exposure, and different effects can occur due to exposure during fetal life when preadipocyte differentiation from mesenchymal stem cells occurs as opposed to the first 2 weeks after birth in mice when differentiation of preadipocytes into adipocytes occurs [17, 72] . Other chemicals, referred to as obesogens, such as organotins [73] and the fungicide trifumizole [74] , have been reported to increase adipocyte proliferation in mice via activation of PPARγ, which is a major regulator of adipocyte differentiation and then subsequently adipocyte function [50] . However, BPA and BPA-diglycidyl ether (BADGE), used to line food and beverage cans, have been reported to stimulate adipocyte proliferation through PPARγ-independent mechanisms [75] .
Altered glucose and insulin homeostasis
Homeostatic control of glucose was dysregulated in male mice exposed in utero to low doses of BPA. Specifically, impaired glucose tolerance, measured as the ability to return blood glucose levels to baseline after an injection of glucose, occurred at BPA-5, BPA-50, BPA-500 and BPA-5000 μg/kg/day (Fig. 5) ; however, not all of these doses impacted abdominal adipocyte weight, number or volume. These findings suggest that impaired glucose regulation is not just a consequence of an increase in central adiposity, which is consistent with prior findings [11] . There was also an impaired ability to lower blood glucose levels in response to an injection of insulin that was statistically significant for males in the BPA-5 and BPA-5000 exposure groups (Fig. 5) , while males exposed to BPA-50 and BPA-500 did not show a statistically significant difference from controls on the insulin tolerance test.
Serum hormone levels are altered by fetal exposure to BPA
Adipose tissue is now recognized as an endocrine organ. As such, it secretes hormones such as adiponectin and leptin. Adiponectin levels were suppressed in adult male mice in most prenatal BPA treated groups (Fig. 6 ), but serum adiponectin was not significantly reduced in the males exposed to the 500-μg/kg/day dose of BPA that showed the greatest increase in adipocyte number and overall adipocyte weight. Adiponectin receptors are found in liver and skeletal muscle, and adiponectin signaling through these receptors increases insulin sensitivity [76] . Decreased adiponectin levels are associated with glucose intolerance and insulin resistance [77] . Ectopic fat deposition in liver often occurs with reduced adiponectin [78] . Consistent with this, we found maximally suppressed adiponectin (Fig. 6 ) and significantly elevated liver weight (Fig. 4) in the BPA-50 group, although we did not find evidence of steatosis associated with prenatal exposure to this dose of BPA. Other research has shown that BPA treatment of adipocytes from adult mice and humans inhibits the release of adiponectin [13] . Further research will be required to determine the mechanisms mediating effects of exposure to BPA and other estrogenic chemicals during fetal and neonatal life on the development of the complex systems regulating adipocyte hormones.
We found that serum insulin was significantly elevated in the BPA-5 and DES-0.1 groups compared with negative controls and the BPA-50,000 group. Since we measured serum insulin in fed animals, it is not appropriate to compare the insulin tolerance test AUC values (Fig. 5) with the serum insulin values (Fig. 6) . However, Alonso-Magdalena and colleagues exposed pancreatic islets isolated from mice prenatally treated with BPA to stimulatory levels of glucose, which would be a more comparable situation to a fed animal. They found that pancreatic islets of animals prenatally exposed to 10-μg/kg/day BPA from GD 9 to 16 secreted more insulin than control islets [11] . Thus, in addition to its obesogenic actions on adipose tissue, BPA also affects other metabolic parameters independently of its effect on adipose tissue expansion, including disruption of glucose homeostasis, alteration of beta cell insulin content, increased leptin secretion, increased serum lipids, and decreased adiponectin secretion [6, 11] .
Bisphenol A can induce beta cell dysfunction whether the exposure is in adulthood or in utero [11, 79] . For example, treatment of pregnant female CD-1 mice with a low dose of BPA(100 μg/kg/day) subsequently led to increased insulin resistance and glucose intolerance in the dams, a phenotype repeated (but at a 10-fold lower dose) in the adult male offspring that were only exposed in utero. Additionally, insulin secretion by mouse and human pancreatic islets is augmented by 1 nM (0.23 ng/ml) BPA in the presence of a stimulatory level of glucose [17, [80] [81] [82] ; this concentration of BPA is well within the range of internal serum levels of unconjugated (bioactive) BPA reported in humans [28, 31, 32] . The above studies investigating beta cell function after BPA exposure found that equimolar concentrations of estradiol gave the same response, providing evidence that BPA was as potent as estradiol and that signaling was through one or more of the estrogen receptor subtypes. Coincidentally, all tissues responsible for maintaining metabolic homeostasis express at least one known estrogen receptor sub-type [17, [80] [81] [82] .
We found significantly increased serum leptin levels in the BPA-500 group compared to both the negative controls and the BPA-50,000 group, and the DES-0.1 group also had significantly elevated circulating leptin (Fig. 6 ). As expected there was a high correlation (Spearman correlation coefficient = 0.86) between the combined weight of the gonadal and renal fat pads and serum leptin levels. Interestingly, while the BPA-500 males, that had elevated serum leptin, did consume significantly less food in adulthood between weeks 15 and 19 relative to negative controls (Fig. 1) , they still gained more weight during this time relative to negative controls.
Opposite effects of fetal exposure to BPA on energy intake during puberty and adulthood
There is extensive evidence that developmental exposure to BPA can alter brain morphology and chemistry and impact neuroendocrine function and behavior [23, 83] . Our study suggests that BPA may alter maintenance of energy balance, in that males in the 500-μg/kg/day BPA group exhibited increased food intake and body weight during the post weaning period in male mice, yet gained more weight while eating less than negative controls as adults between weeks 15 and 19 (Fig. 1) . The regulation of energy intake and body weight is a homeostatic system, with neurons in the hypothalamus acting as the central coordinator [84] . Estradiol can affect neuronal circuits that control appetite and energy balance by acting on the hypothalamic nuclei that play a crucial role in sensing hormonal signals that reflect the overall availability of nutrients. Two neurochemically distinct populations of hypothalamic neurons located in the arcuate nucleus are critical for the integration of metabolic information. One neuron group expresses the potent orexigenic neuropeptide Y (NPY) [and Agouti related protein (AgRP)] and shows high concentrations of binding sites for many hormonal and metabolic signals such as insulin, leptin and ghrelin. An increase in NPY release results in increased food intake and decreased energy expenditure. Another set of arcuate neurons expresses the neuropeptide precursor propiomelanocortin (POMC), which is processed to melanocortin peptides; activation of these neurons decreases food intake and increases energy expenditure. These two populations of neurons thus exert opposite effects on energy intake and interact on several levels. The current hypothesis is that as adipose stores increase, both insulin and leptin levels increase along with POMC expression, while NPY synthesis and activity are inhibited and food intake is reduced. Conversely, when NPY synthesis and release are increased and POMC is decreased, the result is an increase in food intake [85] [86] [87] . Dysfunction of the NPY system has been implicated in obesity and type II diabetes in humans [88, 89] . In summary, leptin and insulin levels, which are altered by fetal exposure to low doses of BPA, may play an important role in regulating the NPY system. However, the factors that lead to increased food intake during puberty and decreased food intake in adulthood due to low-dose fetal BPA exposure remain to be determined, as does the impact of a chemical such as BPA, with estrogenic and other modes of action, on the development of these systems in fetuses as opposed to activational effects in adults [90] [91] [92] .
Implications for assumptions used in chemical risk assessments
Our study is the first to examine effects of BPA on traits related to metabolic syndrome due to fetal exposure to a wide range of doses, from below the reference dose to above the presumed no adverse effect dose or NOAEL The NIEHS funded this and related research as a coordinated set of projects that examined a wide dose range with the objective of providing data from NIH-funded studies that would be useful for regulatory agencies, since studies that only examine three or fewer doses of a chemical do not provide the data needed for establishing dose-response relationships that should be required for chemical risk assessments [47] . For the male mice exposed during fetal life to the 50,000 μg/kg/day dose of BPA, which is 10-fold higher than the NOAEL currently used by regulatory agencies, not one of the outcomes we examined was statistically different from negative controls, although statistically significant effects (both increases and decreases in responses) were observed at lower BPA doses in comparison to negative controls. We thus found evidence for non-monotonic dose-response relationships for many outcomes, based on comparing statistical models that examined for goodness of fit of the data using a linear-only model and a second model that contained a quadratic term that tested for non-linearity. The degree to which the data fit a non-monotonic rather than linear function for the variables we measured is presented in Table 2 .
The current approach used throughout the world by regulatory agencies to assess the risks posed by all environmental chemicals, including EDCs, is to just examine a few (typically 3) very high doses, with the maximum tolerated dose (MTD) that is acutely toxic but not lethal being the reference point for establishing the relatively narrow range of very high doses that are examined; EDCs such as BPA are acutely toxic at very high doses (for BPA the MTD is greater than 1 g/kg body weight) [93] . This was the approach that initially led to the estimate that a daily oral BPA dose of 50 μg/kg/day would be safe for human consumption throughout the lifespan [93, 94] . This approach used to assess the risks of EDCs has been previously challenged as invalid [24, 57, 63, 95, 96] , and our current findings provide additional evidence that the core assumption in chemical risk assessments, namely that dose-response relationships are always monotonic, is invalid. Our results clearly demonstrate that the hazards posed by low doses of BPA cannot be predicted by examining a dose of BPA (50,000 μg/kg/day) ten-fold higher than the presumed NOAEL.
Conclusions
For a number of the endpoints we examined in male CD-1 mice: body weight, energy intake, gonadal and renal fat pad weights, adipocyte number and volume, glucose tolerance and serum concentrations of adiponectin, leptin and insulin, we observed long-term effects due to maternal oral exposure to BPA doses below the assumed NOAEL of 5000 μg/kg/day. These effects were not predicted by responses to the highest dose of BPA that we examined, which was 50,000 μg/kg/day. Without testing doses below the current NOAEL, it is likely that we would have found no effect of BPA on any of these outcomes related to metabolic syndrome. This study thus provides additional evidence that important cell-receptormediated activity can occur far below a high dose range for endocrine disrupting chemicals. Such evidence invalidates the crucial assumption of the current risk assessment paradigm that all dose-response relationships are monotonic and "the dose makes the poison". Our findings demonstrate the urgent need for development of strategies for assessing the hazards posed by EDCs that are consistent with current endocrinological principles [57] . Effect of fetal exposure to BPA on mean (±SEM) liver weight in males from different prenatal treatment groups when 19 weeks old. Groups with different letters are significantly different from each other. Panel A: glucose tolerance test (mean±SEM) area under the curve (AUC) after a 4-h fast in males from different prenatal treatment groups when about 18 weeks old. Blood glucose was measured during the 2 h after i.p. injection of glucose. Panel B: insulin tolerance test area under the curve (AUC) for blood glucose after i.p. injection of insulin using the same approach as for the glucose tolerance test. Groups with different letters are significantly different from each other; b′, P= 0.07 vs. controls. Average serum unconjugated BPA levels in maternal and fetal serum over the 24 h between GD 17 and 18 (AUC 0-24 /24 h) after the last oral administration of 3 H-BPA on GD 17. Pregnant females were fed a 20 μg/kg mixture of BPA and 3 H-BPA one time per day between GD 11 and 17. Data for each BPA dose are based on linear interpolation, since administered dose is linear with internal serum concentration over a wider range of doses than were examined in this study [32] . Table 1 Mean (±SEM) body weight at birth and then beginning at weaning (week 3) through week 19. P value summary for analyses of effect of prenatal negative controls and BPA doses (0, 5, 50, 500, 5000, and 50000), not including the DES-0.1 group. Column one shows results of standard ANOVAs using PROC GLM in SAS. Column 2 gives P values for comparison of two nested linear regression models, with and without a [log(dose)]2 term using the R statistical system. A significant result (indicated in bold) provides evidence that a U or inverted-U curve fits the data better than a simple linear fit, and indicates a nonmonotonic doseresponse function. More complex functions were not evaluated. 
